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Abstract

Solute carrier 17 (SLC17) family is a group of structurally related proteins that transport organic anions across biological membranes. Members of the family are expressed in the plasma membrane (SLC17A1-4), lysosomes (sialin, or SLC17A5; VNUT, or SLC17A9) and synaptic vesicles (VGLUT1-3, or SLC17A6-8). They exhibit great diversity in substrate specificity and transport mechanism. Together with the other 15 SLC families, they belong to major facilitator superfamily (MFS), the largest superfamily of secondary active transporters. MFS proteins are characterized by their distinct fold with 12 transmembrane helices (TM) that are grouped into two pseudosymmetrical domains. A key element of the transport mechanism is alternating access that involves movement of the two domains around central binding site. Such conformational change interchangeably exposes the binding site to either membrane side and allows substrate transport across the membrane.To better understand how structurally-similar proteins mediate transport of various substrates with different stoichiometries, we investigated transport mechanism of bacterial homologue, D-galactonate transporter DgoT. Despite moderate sequence identity, DgoT is structurally similar to mammalian SLC17 proteins, particularly VGLUTs and sialin. Two crystal structures in different conformations make DgoT an attractive model system to investigate transport mechanisms in coupled transporters. We used a combination of computational and experimental approaches to study DgoT. With solid supported membrane-based electrophysiology, we determined that each galactonate molecule is transported together with two protons. Therefore, pH conditions on both sides of the membrane are important; transport can be inhibited by alkaline pHs outside the liposomes due to attenuated proton binding, or by acidic pH inside the vesicles due to impaired proton release. With site-directed mutagenesis, we characterized roles of individual residues in transport activity. Mutations D46N, E133Q, R47Q, R126Q and C43A lead to loss of transport activity, while selective binding of galactonate remains intact. In all mutants, with the exception of R47Q, we observed an electrogenic reaction that can be attributed to a fast substrate binding followed by a conformational change in the protein. 
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R47 couples substrate binding with the conformational changes in the protein, therefore in the mutant variant only the first step is detected. All-atom molecular dynamics simulations revealed that protonation of D46 and E133 in apo DgoT is coupled with rearrangement of gating helices TM1 and TM7 that regulate access to the substrate-binding site from the extracellular side. After gate opening, galactonate can reach the binding site inducing extracellular gate closure and transition to the inward-open conformation, where the substrate is released. Interaction between galactonate and R47 play an important role in this mechanism, and R47Q DgoT fails to close the gate in the presence of the substrate. Using Markov state modeling, we quantified energetics of major conformational changes and demonstrated that the presence of galactonate in the binding site promotes an inward-occluded conformation of the protein, while apo transporter favors an outward-open state.Based on our experimental and computational results, we propose a transport model for galactonate/H+ co-transport in DgoT, which can provide atomic-level insights into the mechanisms underlying coupling in SLC17 proteins.
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Zusammenfassung

Die Familie der Solute Carrier 17 (SLC17) ist eine Gruppe von Proteinen, die organische Anionen durch die Membran in Cytoplasma (SLC17A1-4), Lysosomen (SLC17A5 und SLC17A9) oder synaptische Vesikel (SLC17A6-8) transportieren. Sie weisen eine große Vielfalt an Substratspezifita t und Transportmechanismen auf. Zusammen mit den anderen 15 SLC-Familien geho ren sie zur Major Facilitator Superfamily (MFS). MFS-Proteine zeichnen sich durch ihre ausgepra gte Faltung mit 12 Transmembranhelices (TM) aus, die in zwei pseudosymmetrische Doma nen gruppiert sind. Alternating access mechanism umfasst die Bewegung der beiden Doma nen um die zentrale Bindestelle, die sie abwechselnd auf beiden Membranseiten freilegt und den Substrattransport ermo glicht.Hier haben wir den Transportmechanismus eines bakteriellen Homologs, des D-Galactonat-Transporters DgoT, mit einer Kombination aus computergestu tzten und experimentellen Verfahren untersucht. Durch solid-supported membrane electrophysiology konnten wir feststellen, dass jedes Galaktonatmoleku l zusammen mit zwei Protonen transportiert wird. Der aktive Transport kann durch alkalische pH-Werte außerhalb der Liposomen aufgrund einer abgeschwa chten Protonenbindung oder durch saure pH-Werte innerhalb der Vesikel aufgrund einer beeintra chtigten Protonenfreisetzung gehemmt werden. Die Mutationen D46N, E133Q, R47Q, R126Q und C43A fu hren zu einem Verlust der Transportaktivita t, wa hrend die selektive Bindung von Galaktonat weiterhin beobachtet wird. Bei allen Mutanten, mit Ausnahme von R47Q, beobachteten wir eine elektrogene Reaktion, die auf eine schnelle Substratbindung, gefolgt von einer Konformationsa nderung des Proteins, zuru ckzufu hren ist. R47 koppelt die Substratbindung mit der Konformationsa nderung des Proteins, daher wird in der mutierten Variante nur der erste Schritt nachgewiesen. All-atom molecular dynamics simulations ergaben, dass die Protonierung von D46 und E133 in apo DgoT mit einer Umstrukturierung des Tores (TM1 und TM7) verbunden ist, die den Zugang zur Substratbindestelle von der extrazellula ren Seite aus regulieren. Nach der Toro ffnung kann Galaktonat die Bindestelle erreichen, wodurch das extrazellula re Tor geschlossen wird und in die nach innen geo ffnete Konformation u bergeht, in der das 
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Substrat freigesetzt wird. Mithilfe von Markov state modeling haben wir die Energetik der wichtigsten Konformationsa nderungen quantifiziert und gezeigt, dass die Anwesenheit von Galaktonat in der Bindestelle eine nach innen geschlossene Konformation des Proteins fo rdert, wa hrend der apo Transporter einen nach außen offenen Zustand bevorzugt. Auf der Grundlage unserer experimentellen und computergestu tzten Ergebnisse schlagen wir ein Transportmodell fu r den Galaktonat/H+-Kotransport in DgoT vor, das Einblicke auf atomarer Ebene in die der Kopplung in SLC17-Proteinen zugrunde liegenden Mechanismen geben kann.
 





1 Introduction

1.1 Major facilitator superfamily
Major facilitator superfamily (MFS) is the largest and the most diverse family of secondary active transporters found in all kingdoms of life [1,2]. Members of the family are known to facilitate transport of various substrates across the cell membranes. Structurally, MFS transporters consist of twelve TM helices that form two pseudosymmetrical domains (N- and C-domains, consisting of TM1-6 and TM7-12), which move around the central binding site, opening it to either side of the membrane (Figure 1.1A).The most extensively studied member of the family is the lactose permease LacY [3–5], the galactoside/H+ symporter from Escherichia coli. It is the first MFS transporter that was purified in a functional state and the first transporter whose high-resolution (3.5 A ) crystal structure was determined [6], providing substantial advances in our understanding of the molecular mechanism of coupled transport. LacY can recognize disaccharides with a D-galactopyranosyl ring and D-galactose, but not D-glucopyranosides or D-glucose [7]. Its canonical substrate is lactose, which binds to the transporter with low affinity (Kd of ~1 mM) [8]. Other high-affinity substrates such as β-d-galactopyranosyl-1-thio-β-d-galactopyranoside (TDG) or 4-nitrophenyl-α-d-galactopyranoside (NPG) were widely used to stabilize different conformations of the protein, which allowed investigation of substrate recognition mechanism and conformational changes in the transporter [6,9–12]. Coupled transport relies on chemical gradients of either substrate or ion. Active transport moves a substrate against its gradient by using energy released from an ionic (or another substrate) gradient (Figure 1.1B). Thus, active transport allows accumulation of a substrate inside the cell driven by the H+ gradient or vice versa, building an H+ gradient by moving the substrate downhill its gradient. Alternatively, protonated LacY can perform equilibrium exchange. In this mode, the binding site is exposed to either side of the membrane interchangeably, allowing the substrate to reversibly bind (Figure 1.1C). Unlike active transport, equilibrium exchange does not result in substrate accumulation, since major conformational changes only occur when the substrate is bound, i.e., for each 
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to electroneutral H+-sialic acid symport by sialin [28,29].” [A] VGLUTs play an important role in signal transmission in the central nervous system [24,30]. Three isoforms (VGLUT1-3) are known in mammals [31,32]. Altered expression is associated with different neurologic diseases such as Alzheimer and Parkinson diseases [33,34]. VGLUTs are complex proteins that facilitate several functions: first described as Na+-dependent phosphate transporters [35], they were later characterized as chloride-activated glutamate transporters [36–39]. Furthermore, they can act as proton-dependent chloride-channels [38,40]. Sialin is responsible for transport of sialic acids and several additional acidic sugars in lysosomes. Mutations in the transporter cause sialic acid storage disorders such as Salla disease and infantile sialic acid–storage disease [41]. The presence of two closely located glutamate residues in transmembrane helix 4 is required for coupled transport as they participate in proton transfer [28]. Residues surrounding the binding site are responsible for substrate recognition, and their mutation results in inhibition or complete loss of the transport activity [42].  Although a lot of functional and structural information about the SLC17 family has been accumulated over the years, some details about transport mechanisms remain elusive. Despite high structural similarity, substrate specificity and coupling stoichiometry largely differs in the family. Common mechanisms of coupled transport and the ability of similar proteins to fine-tune their function are of great interest.1.4 Structures of SLC17 family and DgoT
Bacterial D-galactonate/H+ transporter (DgoT) shares ~20% sequence identity with mammalian members of SLC17 family. Its crystal structures in two different conformations (outward-occluded and inward-open) were determined recently [43], followed by cryo-EM structures of rat VGLUT2 in the outward-open state and human sialin in the inward-facing partially open state [28,44]. Structures reveal common MFS fold with 12 transmembrane helices and are consistent with alternating access mechanism (Figure 1.4).
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( 𝑑[𝑃]/𝑑𝑡𝑑[𝑃∗]/𝑑𝑡𝑑[𝑃∗𝐿]/𝑑𝑡) = (−𝑘+ 𝑘− 0𝑘+ −𝑘− − 𝑘𝑜𝑛[𝐿] 𝑘𝑜𝑓𝑓0 𝑘𝑜𝑛[𝐿] 𝑘𝑜𝑓𝑓) ( [𝑃][𝑃∗][𝑃∗𝐿]) ( 1.3 )
In rapid equilibrium approximation, observed rate of the reaction can be expressed as:𝑘𝑜𝑏𝑠 = 𝑘+ + 𝑘− 𝐾𝐷[𝐿] + 𝐾𝐷 ( 1.4 )In both cases, dependency of observed rate on ligand concentration allows for the determination of 3 parameters. However, it can be challenging to experimentally determine which mechanism is involved in the measured process. While in the rapid equilibrium approximation,  conformational selection can be easily recognized by a decrease in 𝑘𝑜𝑏𝑠 with increased substrate concentration, in a scenario with 𝑘− + 𝑘+ > 𝑘𝑜𝑓𝑓 > 𝑘+, eq. ( 1.4) cannot be applied [47]. Instead, 𝑘𝑜𝑏𝑠 would increase with substrate concentration, much like in case of induced fit mechanism.Moreover, in a real system, a mixed mechanism is possible, which contains both induced fit and conformational selection pathways [48]. Thus, an inference as to which mechanism is observed in the experiment, must be done with cation, especially if the observed rates increase with increasing ligand concentration. 1.6 Aims of the thesis
This works aims to decipher molecular determinants of coupled transport in SLC17 family through atomic-level understanding of galactonate transport by a bacterial homologue DgoT. Using the combination of computational approaches, we address the following aspects of the transport mechanism:

• Determination of galactonate:H+ symport stoichiometry
• Effect of pH on transport activity
• Role of protonation in extracellular gate dynamics
• Coupling between substrate binding and conformational changes
• Determinants of substrate release
• Energetics of major conformational changes
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• Identification of residues that are crucial for transport and characterization of their rolesBased on obtained information about the main intermediate steps of the transport cycle, we propose a detailed scheme of galactonate:H+ symport by DgoT.
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2 Methods 

2.1 Computational methods
Recent progress in structural biology, as well as computational methods of protein structure prediction, led to emergence of increasing number of reliable three-dimensional models of biomolecules. However, it remains particularly challenging to obtain structures of transient conformations since they are usually energetically unfavorable. A possible solution is comparison of homologous protein structures that are captured in different conformations. This allows to identify key structural elements and build a common transport cycle model.Although structural information provides important insights into molecular mechanisms of protein function, static structures cannot capture the protein dynamics. To address this issue, molecular dynamics (MD) simulations are commonly used as an instrument to investigate biomolecular processes at atomic level [49].

2.1.1 Principal component analysis
Principal component analysis (PCA) was used to compare crystal structures of DgoT with available structures of related MFS proteins [50,51]. Two 200-ns long trajectories with 

apo DgoT in inward and outward conformations (started with respective crystal structure) were artificially stitched together to analyze the motions that contribute most to major conformational change. A covariance matrix was built with the coordinates of backbone atoms of the following residues from transmembrane part of DgoT: 28-55, 65-92, 95-114, 122-146, 152-181, 183-206, 256-276, 294-318, 325-343, 351-366, 369-380, 390-414, 416-437. After diagonalizing the covariance matrix, the eigenvectors and corresponding eigenvalues were extracted. The first eigenvector that represents the biggest correlated linear motion in the system captured about 75% of all motions in the selected atom group. Therefore, the first eigenvector was chosen as an appropriate coordinate that can describe protein conformation as inward-facing, outward-facing or occluded.
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All structures of interest were projected onto the first eigenvector. In addition to DgoT, analysis included a few functionally (proton-coupled symporters) or structurally (VGLUT and sialin) similar transporters (Table 2.1). PDB ID Name Function Conformation Projection on first eigenvector (nm)6e9n DgoT H+/galactonate symport Inward open -2.8116e9o Outward occluded 7.5143o7q FucP H+/fucose symport Outward open 8.4754j05 PiPT H+/PO43- symport Inward occluded 3.4194lds GlcP H+/glucose symport Inward open 0.2484oaa
LacY H+/lactose symport

Outward occluded 6.3516c9w Outward occluded 5.5754zyr Occluded 6.1752cfq Inward open -2.8866v4d VGLUT2 H+/glutamate antiport Outward open 7.3368dwi Sialin H+/sialic acid symport Inward occluded -1.708
Table 2.1. List of structures used for principal component analysis.Larger values of projection on the first eigenvector corresponded to outward conformations, while smaller values were obtained for inward conformations. Thus, PCA was able to correctly identify conformational state of a transporter and confirmed that two crystal structures of DgoT correspond to two significantly different conformations.

2.1.2 Unbiased MD simulations
“DgoT protein coordinates obtained from the Protein Data Bank (inward-facing, PDB ID: 6E9N; outward-facing galactonate-bound, PDB ID: 6E9O [43]) were used as the starting coordinates for MD simulations. The D46 and E133 protonation state and substrate occupation were modified as described in the text. Standard protonation states at neutral 
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pH were assigned to all other residues (deprotonated aspartate and glutamate residues, singly protonated histidine residues) except for H56, which forms a salt bridge with E180 and, therefore, was set as doubly protonated. Missing residues (235–242 in the inward-facing structure, 231–243 and 277–290 in the outward-facing structure) were modeled using the SWISS MODEL server [52] with a final residue range of 27–442 used for both protein structures. The N- and C-termini were capped with neutral acetyl and methylamide groups, respectively. For modeling DgoT single point mutations, we used PyMOL [53].The initial protein orientation within the membrane was set to the corresponding DgoT structure available in the Orientations of Proteins in Membranes database [54]. The protein was then embedded into a phosphatidylcholine (POPC) bilayer using g_membed [55] in GROMACS and solvated in a box with dimensions ~120 × 120 × 100 A , which was chosen to ensure a minimum distance between periodic copies of at least 30 A . The protein/membrane system was surrounded by a ~100 mM solution of Na+ and Cl− ions. Ions were described using default CHARMM parameters, and the CHARMM TIP3P model was used for water molecules. MD simulations were performed using the GROMACS software package (versions 2018, 2020, and 2022) [56] with a CHARMM36m force field[57]. Galactonate parameters were obtained using the SwissParam server [58] and added to the forcefield. An integration time step of 2 fs was used. Van der Waals interactions were calculated with the Lennard–Jones potential and a cutoff radius of 1.2 nm, with forces smoothly switched to zero in the range of 1.0–1.2 nm and no dispersion correction applied. Electrostatic interactions were calculated by the particle mesh Ewald method [59], with a real-space cutoff distance of 1.2 nm. All simulations were done in an isothermal–isobaric ensemble, with the temperature set to 310 K using a v-rescale thermostat [60] and a time constant of 0.5 ps. The thermostat was applied separately to the protein, lipid bilayer, and aqueous solution containing ions. The same groups were used for the removal of the center-of-mass linear motion.The protein was equilibrated in three steps using the velocity-rescale thermostat and Berendsen [61] pressure coupling. The first step lasted 50 ns and was run with positional restraints on protein atoms with a harmonic potential with a force constant of 1000 kJ mol−1 nm−2 to allow for equilibration of water and ions. In the second step, only the 
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2.1.4Markov state models
Markov state models (MSMs) were constructed using PyEMMA 2 software [64] from multiple unbiased MD trajectories 400-800 ns long (Figure 3.9A). The acquired data was projected onto the first two tICA reaction coordinates. The decomposed data was clustered into 200 discrete states using the k-means algorithm. The implied timescales plot demonstrates the Markovian behavior after a lag time of ~ 80 ns (Figure 3.9B, C) for both systems. For constructing the MSM, a lag time of 100 ns was chosen from the implied timescales plot. For model validation, we performed a Chapman–Kolmogorov test (Figure 3.9D, E). Metastable states were identified using Perron-cluster cluster analysis (PCCA)[65]. For each system, the implied timescale plots (Figure 3.9B, C) revealed two slow processes; therefore, we clustered the microstates into three metastable states.

2.1.5 Calculation of electrostatic potential
A GROMACS-based tool g_elpot [66] was used for quantification of electrostatics in unbiased simulations; source code, installation instructions, and usage recommendations can be found at https://jugit.fz-juelich.de/computational-neurophysiology/g_elpot. “The distribution of electrostatic potential was calculated via the smooth particle mesh Ewald (SPME) method. For our system, the SPME potential was calculated on a grid of 256 × 256 × 208 points with an inverse Gaussian width β of 20 nm-1.” [A] g_elpot calculates distribution of potential within water molecules present in the system. Time-resolved electrostatic potentials can be calculated in arbitrary regions of the system. In practice, average potential of water molecules within user-defined radius of chosen point is calculated, along with the total number of water molecules. Dehydrated frames can later be discarded from the analysis, leaving only information about the potential in the region of interest. Alternatively, g_elpot can be used to calculate potential within an arbitrary atom group, 

e.g., at the tip of residue [67]. In this case, some insights about electrostatics in the system can be gain independently on the hydration of the region. A group constituting of a few atoms with fixed geometry is used, and electrostatic potential if an average of the SPME 

https://jugit.fz-juelich.de/computational-neurophysiology/g_elpot
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potential in a 0.15-nm sphere around the center of the geometry of the group. Unlike with water-based electrostatic potential, in this application the absolute potential value can only be compared with that of residues of the same type or with that of the same residue under different simulation conditions.“We exploited the extended functionality of the tool [67] to calculate the potential for the carboxyl groups of protonated D46 and E133. The electrostatic potential is an average of the SPME potential in a 0.15-nm sphere around the following atom groups (CHARMM naming convention): OD1, OD2, and CG of D46 and OE1, OE2, and CD of E133. Since two selected groups are chemically identical, the residue-specific short-range part of the potential is the same and, therefore, comparison of the potential values is justified. The time course of the electrostatic potential was averaged across each trajectory.” [A]2.2 Experimental methods
2.2.1 D-galactonate preparation

Crystalline Na+ D-galactonate was prepared from commercially available calcium salt according to previously reported method [43,68,69]. 10 g Ca2+ D-galactonate (Biosynth) was resuspended in 100 ml water. An equimolar amount of oxalic acid dihydrate (2.93 g) was added to the mixture and stirred for 10 minutes at 55 °C. The precipitated calcium oxalate was then separated from aqueous D-galactonic acid by filtration under vacuum through 0.22 μm nylon. Sodium hydroxide was titrated into the solution to pH 7. Absolute ethanol was added in a 3:1 (v/v) ratio, the mixture stored at 4 °C overnight, and the resulting crystalline precipitate removed by filtration and washed with absolute ethanol. The precipitate was dried for 24 hours in a vacuum desiccator. The resulting crystalline Na+ D-galactonate was then stored at room temperature for subsequent use. 
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2.2.2 Protein expression and purification
“The full-length DgoT gene (GenBank accession number AKK15832.2) was subcloned into a pQE60 vector through the NcoI and HindIII restriction sites in fusion with a C-terminal thrombin cleavage site and decahistidine tag. Mutant constructs were generated using PCR-based mutagenesis and verified by DNA sequencing. Protein expression and purification were performed using a published procedure, with modifications [43]. E. coli C41 cells transformed with pQE60 DgoT WT were grown at 37 °C in TB medium supplemented with 2 mM MgSO4. When an OD600 of 0.6–0.8 was reached, gene expression was induced with 1 mM IPTG and cells were grown for a further 4 h (typical yield of 15 g per 1 L culture). After sedimentation, cells were flash frozen in liquid nitrogen and stored at -80 °C for later use, Next, cells (15 g) were resuspended in 20 mM Tris (pH 7.4) and 300 mM NaCl (50 mL volume) containing complete protease inhibitor cocktail (Roche) and lysed by sonication. Debris was removed by centrifugation at 12,000 × g for 15 min, and membranes were collected at 200,000 × g for 1 h, flash frozen in liquid nitrogen, and stored at -80 °C until use.A frozen membrane pellet from 15 g cells was resuspended in 20 mL membrane buffer (20 mM Tris (pH 7.4), 150 mM NaCl) containing cOmplete protease inhibitor cocktail, using a glass Dounce homogenizer, and then n-dodecyl-D-maltoside (DDM) was added to 1.4%. Membranes were solubilized for 2 h at 4 °C and the insoluble fraction was removed by ultracentrifugation at 75,000 g for 30 min at 4 °C. The supernatant was diluted 1:2 with solubilization buffer, imidazole was added to 15 mM, and pH was adjusted to 7.8–8.0. CoNTA resin (3 mL) was washed with 10 column volumes (CV) of membrane buffer, added to the supernatant, and incubated at 4 °C for 1.5 h under gentle agitation. The resin was then washed with 10 CV of wash1 buffer (20 mM Tris, 150 mM NaCl, 15 mM imidazole, 0.1% DDM, pH 8.0) and 10 CV of wash2 buffer (20 mM Tris, 150 mM NaCl, 0.1% lauryl maltose neopentyl glycol (LMNG), pH 7.4). Protein was eluted with 4 CV of elution buffer (20 mM Tris, 150 mM NaCl, 0.1% LMNG, 150 mM imidazole, pH 7.4) into 0.5 CV fractions, and 5 mM EDTA was added immediately after collection. Protein concentration in the eluted fractions was estimated by measuring the absorbance at 280 nm (NanoDrop), and fractions with the highest protein concentrations were combined. Imidazole was removed 
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using a PD-10 desalting column, with protein eluted with buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.05% LMNG, pH 7.4) and stored overnight at 4 °C.The purified protein was concentrated to 5–8 mg/ml using a 50 kDa molecular weight cutoff (MWCO) centrifuge concentrator (Millipore) and loaded in 0.5 mL portions onto a Superdex 200 Increase 10/300 GL column (GE Healthcare Life Sciences) preequilibrated with size-exclusion chromatography (SEC) buffer (20 mM HEPES, 150 mM NaCl, 0.05% LMNG, pH 7.4). The peak fractions were combined, flash frozen in liquid nitrogen, and stored at -80 °C until use.” [A]
2.2.3 Reconstitution of proteoliposomes

”E. coli polar lipids (Avanti Polar Lipids, E.coli polar lipid extract, 25 mg/ml solution in chloroform) were dried under nitrogen and then under vacuum overnight. The dried lipid film was resuspended to a lipid concentration of 10 mg/ml by stirring in reconstitution buffer (1 mM HEPES pH 7.4, 150 mM NaCl, 2 mM MgSO4) for 1 h at room temperature (RT). After the lipids were completely dissolved, the suspension was frozen in liquid nitrogen, stirred for another 1 h at RT, and sonicated using a UP50H ultrasonic processor equipped with a microtip until clear (2 or 3 cycles of 30 s). The formed liposomes were destabilized by adding 0.6% Triton X-100 and incubated for 45 min at RT under gentle agitation. Purified DgoT was added to the destabilized liposomes at a LPR of 5, 10, or 20 and then incubated for 1 h at 4 °C. To remove the detergent, 150 mg SM2 Bio-beads was added per 1 mL liposome suspension. After incubation for 1 h at 4 °C, another 150 mg Bio-beads was added per 1 mL suspension, followed by another 1 h incubation at 4 °C, and then the beads were removed using a disposable column. A third volume of Bio-beads was then added (400 mg per 1 mL suspension), incubated overnight at 4 °C, and removed using a disposable column. Empty liposomes were prepared in parallel using the same procedure but with no added protein.” [A]The efficiency of reconstitution was evaluated by centrifugation of liposomes in sucrose gradient. Clear centrifuge tube was filled with 4 sucrose layers, from bottom: 40%, 30%, 20% and 10% sucrose in reconstitution buffer (w/v), 0.75 mL each. Liposome sample with 
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protein concentration of ~ 1 mg/mL was added on top of the 10% sucrose layer, volume of added sample was 70 µL. Centrifugation was performed for 3 h in swinging-bucket rotor SW 60 Ti (Beckman Coulter) at 50,000 rpm (approximately 250,000 g). After the centrifugation 11 layers were carefully taken from top of the tube without mixing, volumes of samples were equal except for the most bottom layer that had slightly larger volume due to tube geometry. All collected layers were subjected to SDS-PAGE to estimate fraction of protein that was successfully reconstituted.
2.2.4 SDS-PAGE and western blot

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze protein samples. Gels were prepared as described in Table 2.2, run in vertical electrophoresis cell (BioRad) with SDS-running buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS) at 180V for 40-50 min. Samples were supplemented with Laemmli Sample Buffer (5x stock: 300 mM Tris pH 6.8, 10% SDS, 50% glycerol, 50 mM DTT, 0.05% Bromphenol blue) and added to gel immediately or stored at -20 °C until further use. 10% separating gel 4% stacking gelSubstance Volume (total 10 ml) Substance Volume (total 10 ml)H2O 4.0 ml H2O 6.1 mlTris 1.5M pH 8.8 2.5 ml Tris 1.0M pH 6.8 2.5 mlAcrylamide 3.3 ml Acrylamide 1.3 mlSDS 10% 100 µl SDS 10% 100 µlAPS 10% 100 µl APS 10% 140 µlTEMED 10 µl TEMED 12 µl
Table 2.2. SDS-PAGE gel composition. Acrylamide stands for Acrylamide/Bis Solution, 37.5:1 (30% w/v)Gel with separated proteins was either stained or subjected for transfer for western blot (WB). To estimate the size of proteins in sample molecular weight standard PageRulerTM Plus (Thermo Fisher, Cat. 26619) was used as a reference.
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Staining: gel was incubated in staining solution (for 1L: 1.5 g Coomassie Brilliant Blue (SERVA), 450 ml ethanol denatured, 92 ml acetic acid (96%)) for 0.5-1 h, followed by incubation in destaining solution (for 1L: 300 ml ethanol denatured, 30 ml acetic acid (96%)) ON.WB: gel was briefly rinsed in transfer buffer (25 mM Tris base, 192 mM glycine, pH 8.3; buffer was freshly prepared from 10x stock solution), placed in “transfer sandwich” (fiber pad, filter paper, nitrocellulose membrane, gel, filter paper, fiber pad; all components equilibrated in transfer buffer) and fixed in the chamber vertically. Transfer buffer was used to fill up the chamber. Ice pack and magnetic stirrer were placed in the chamber to avoid overheating of the gel during the procedure. The transfer was performed for 50 min under constant voltage of 90 V, current was limited to 350 mA. Transferred proteins on the membrane were blocked with PBS-T buffer (140 mM NaCl, 2.68 mM KCl, 9.89 mM Na2HPO4 x 2 H2O, 1.76 mM KH2PO4, pH 7.3, 0.1% Tween20) supplemented with 2% non-fat milk for 1 h at RT, incubated with primary antibodies (Penta-His Mouse Antibody BSA-free, Qiagen) dissolved 1:1000 in PBS-T buffer with 2% milk for 2.5-3.5 h, rinsed 5 times with PBS-T buffer and incubated with secondary antibodies (Anti-Mouse IgG (Fc specific)–Alkaline Phosphatase antibody produced in goat, Merck) dissolved 1:1000 in PBS-T buffer with 2% milk for another 40 min. Then membrane was thoroughly washed with PBS-T buffer to remove any remaining non-bound antibodies. To visualize protein bands membrane was incubated with 10 ml phosphatase buffer (100 mM NaCl, 5 mM MgCl2, 100 mM Tris, pH 9.5) supplemented with 33 µl BCIP (5-Bromo-4-chloro-3-indolyl phosphate) and 66 µl NBT (nitro blue tetrazolium) for several minutes and then thoroughly washed with distilled water. 
2.2.5 pH electrode-based assays

pH electrode-based assays were used to monitor coupled transport in bacterial cells overexpressing DgoT and to investigate binding order in purified transporter. Experimental procedures were performed using modified protocols from [12,70]. “DgoT was expressed in E. coli C41 cells using the same procedure as for purification. After expression, bacteria 
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were pelleted, washed twice in assay solution containing 250 mM KCl, 1 mMMgSO4, 2 mM CaCl2 and resuspended in assay solution to reach bacterial density of OD600 15. All centrifugations were performed at 2,200 g, 7-8 min, cells were resuspended on vortex. Substrates (galactonate or gluconate) that were assayed were dissolved in assay solution at a concentration of 160 mM and the pH was adjusted to 6.5-6.7 with KOH, being always lower than pH of bacterial suspension in each experiment. 800 μl of bacteria suspension were transferred into a 2 ml reaction tube (Eppendorf) and the pH value of the bacterial suspension (extracellular medium) was measured using a micro pH electrode with integrated temperature sensor (Xylem, SI Analytics) under continuous stirring. The pH of the bacterial suspension was adjusted to pH 6.7 using KOH and HCl. After recording of baseline for 60 seconds 50 µl of the corresponding compound was added (to reach final concentration of 10 mM) to the bacterial suspension. Galactonate or gluconate were dissolved in assay solution with concentration of 160 mM, and pH was adjusted to be 6.5-6.7 before the experiment, always lower than pH of cells suspension. All experiments were performed at RT (20-21 °C).Experiments with purified protein were performed similarly. Purified DgoT (stored at -80 °C) was thawed, SEC buffer (used for storage of purified protein) was replaced using PD-10 desalting column with assay solution containing 150 mM NaCl, 0.05% LMNG, pH ~7.4.” [A]
2.2.6 SSM-based electrophysiology

Solid-supported membrane-based electrophysiology (SSME) is a technique developed for the studies of transporters that are difficult to investigate using patch-clamp [71]. The principle of the method is schematically illustrated on Figure 2.3. SSM is formed by addition of lipid on gold-coated sensor chip with an alkylmercaptane monolayer on top. Membrane preparation (for example, proteoliposomes with reconstituted protein or membrane vesicles) with protein of interest can be added on SSM. This leads to the stable adsorption of the membranes to the SSM and the formation of a capacitively coupled compound membrane (Figure 2.3B). Measuring electrode is the sensor chip and reference electrode is 
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the electrode surface, followed by 100 µL aqueous buffer. Immediately prior to measurements, liposome samples were thawed, diluted to a final lipid concentration of 1 mg/mL and briefly sonicated. Each liposome sample (10 µL) was pipetted onto a SSM sensor and adsorbed by centrifugation at 2,200 × g for 30 min at RT. All experiments were repeated for at least three sensors, with each condition measured at least twice. All solutions were buffered in 100 mM potassium phosphate (KPi) for each pH used.For measurements with a single solution exchange protocol, three phases of 1 s duration were applied: flow of nonactivating (NA) solution, activating (A) solution, and NA solution. Only the A solution contained galactonate. In experiments with variable pH, pH of NA and A solutions was kept constant within a single experiment. Between experiments using different pH values, the sensor was incubated at the new pH for 5 min to equilibrate the intraliposomal pH. In experiments with WT, D46N, E133Q, and R126Q DgoT, the NA solution contained gluconate to compensate for galactonate in the A solution. For R47Q DgoT, glutamate was used in NA solution instead, allowing a direct comparison of the responses to galactonate and gluconate applications.To determine the apparent pK values, normalized peak currents (measured using 3 mm sensors) were fitted with one of the following equations:acidic deactivation (pH ≤ 8): 𝐼𝑛𝑜𝑟𝑚(𝑝𝐻) =  𝐼𝑚𝑎𝑥1 +  10𝑝𝐾𝑎−𝑝𝐻 ; ( 2.1 )
alkaline deactivation (pH ≥ 7.5): 𝐼𝑛𝑜𝑟𝑚(𝑝𝐻) =  𝐼𝑚𝑎𝑥1 +  10𝑝𝐻−𝑝𝐾𝑏 . ( 2.2 )
Currents were normalized to the 𝐼𝑚𝑎𝑥 value obtained by the fit of peak currents measured on the same sensor.For the analysis of pre-steady state currents, 1 mm sensors were used. Rate constants for the observed charge displacements (kobs= 1/τ) were derived from the transient currents 
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by fitting the decay with a monoexponential function I = A * exp(-t/τ). This two-step reversible reaction can be described as follows:
𝑃 + 𝑆𝐾𝐷↔ 𝑃𝑆 𝑘+⇄𝑘−𝑃∗𝑆, ( 2.3 )

where P is the protein, S is the substrate, and P* is the protein after conformational changes. The first step is the binding reaction described by the dissociation constant KD, and the second step is the substrate-induced conformational change characterized by the forward and reverse rate constants. Assuming that substrate binding is rapid, the observed rate constant has hyperbolic dependence on the substrate concentration [72]:𝑘𝑜𝑏𝑠 = 𝑘− + 𝑘+ [𝑔𝑎𝑙][𝑔𝑎𝑙] + 𝐾𝐷 . ( 2.4 )Measurements under asymmetrical pH conditions were done using a double solution exchange configuration. A resting (R) solution phase of 1 s and incubation period of 5–20 min was added to the beginning of each measurement to allow the intraliposomal pH to adjust to the pH of the R solution. Afterwards, a normal single solution exchange protocol was used to establish the pH gradient (during NA phase) and substrate gradient (A phase).To determine the transport stoichiometry, we used a reversal assay as previously described [73], with a single solution exchange protocol comprising three phases (NA, A, and NA) extended to 2, 3, and 3 s, respectively. Between measurements, the sensor was rinsed 3–5 times with NA solution; the current responses were recorded and used as a baseline. The same protocol was used for samples with empty liposomes to account for solution exchange artifacts. The entire A phase was integrated to obtain the transported charge values. After subtraction of the negative control (integrated current recorded with empty liposomes), the transported charge values were used to determine the transport stoichiometry. The internal (NA) solution used for this experiment had a pH of 7.3 and contained 0.5 mM galactonate and 7.5 mM gluconate, and applied external (A) solutions had a pH of 7.6 and contained X mM galactonate and 8–X mM gluconate. This setup resulted in dµ gal/ dµ H+ values of 0–4.” [A]Transport stoichiometry was determined using the same rationale as used in [73]. Coupled transport can be described by the substrate and ion concentrations:
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𝑛𝐼𝑜𝑛𝑜𝑢𝑡 + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑜𝑢𝑡 ⇌ 𝑛𝐼𝑜𝑛𝑖𝑛 + 𝑚𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑖𝑛. ( 2.5 )In SSME, no voltage is applied to the membrane, therefore chemical potential of ion and substrate across the membrane is defined only by their concentrations:Δµ𝑖 = 𝑅𝑇 ln ( [𝐼𝑜𝑛]𝑖𝑛[𝐼𝑜𝑛]𝑜𝑢𝑡), ( 2.6 )Δµ𝑠 = 𝑅𝑇 ln ( [𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑖𝑛[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑜𝑢𝑡). ( 2.7 )The free energy for the coupled transport reaction is given by:∆𝐺 = 𝑛∆µ𝑖 + 𝑚∆µ𝑠. ( 2.8 )When current reverses direction, net transported charge is 0 and ∆𝐺 = 0. Under these conditions:
− 𝑛𝑚 = Δµ𝑠Δµ𝑖 = 𝑅𝑇 ln ( [𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑖𝑛[𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒]𝑜𝑢𝑡)𝑅𝑇 ln ( [𝐼𝑜𝑛]𝑖𝑛[𝐼𝑜𝑛]𝑜𝑢𝑡) , ( 2.9 )

or 𝑛𝑚 = 𝑅𝑇 ln ( [𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑛𝑎𝑡𝑒]𝑖𝑛[𝑔𝑎𝑙𝑎𝑐𝑡𝑜𝑛𝑎𝑡𝑒]𝑜𝑢𝑡)𝑅𝑇 ln ([𝐻+]𝑜𝑢𝑡[𝐻+]𝑖𝑛 ) . ( 2.10 )
Thus, the plot of transported charges against Δµ𝑔𝑎𝑙/Δµ𝐻+  exhibits an x-intercept at n/m, which provides determination of the transport stoichiometry.

2.2.7 NanoDSF
Nano-differential scanning fluorimetry (nanoDSF) is a technique that enables monitoring conformational stability of the sample by measuring changes in intrinsic protein fluorescence [74,75]. Protein in the sample is slowly heated which leads to its unfolding. As a result, emission spectrum peak of tryptophan residues in the protein shifts from 330 nm to 350 nm. Plot of ratio F350/F330 reports on fraction of unfolded protein at each temperature, and its inflection point is at the temperature at which half of the protein in sample is unfolded (Tm, melting temperature). Addition of ligand to the sample stabilizes protein and therefore causes shift in melting temperature.
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Nano-DSF measurements were performed using a Prometheus NT.48 instrument (NanoTemper Technologies, Germany). Purified DgoT was diluted to final concentration of 0.1 mg/ml with SEC buffer (20 mM HEPES, 150 mM NaCl, 0.05% LMNG, pH 7.4) and supplemented with galactonate. For measurements at other pH, SEC buffer was exchanged using a PD-10 desalting column to the solution containing 150 mM NaCl, 0.05% LMNG to remove HEPES. One of the following components was added from 200 mM stock to final concentration of 40 mM to the sample to set desired pH: AMPSO pH 9.27, Tricine pH 8.3, HEPES pH 7.4, MES pH 6.2. Next, samples were loaded into NanoDSF Standard-grade capillaries and transferred into a Prometheus NT.48 NanoDSF device. Thermal unfolding was detected during heating in a linear thermal ramp (1 °C/min; 20–95 °C) with an excitation power of 60%. Changes in the emission wavelengths of tryptophan fluorescence at 330 nm and 350 nm were monitored. The ratio between the emission intensities at 350 and 330 nm (F350/F330) was used to track the structural changes with increasing temperature. Melting-point temperatures (Tm) were calculated using the peaks in the first derivative of the signal data.2.3 Data analysis
Experimental data were analyzed using in-house python scripts. Fits were performed using functionality of SciPy library. All SSME experiments were performed on at least three different sensors, each condition was measured at least twice to ensure reproducibility.Molecular dynamics simulations were analyzed with GROMACS-based tools and in-house python scripts using MDanalysis, NumPy and SciPy libraries. Simulation trajectories were visualized using VMD [76] or PyMOL software.
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3 Results

In this chapter, we propose a model of coupled transport mediated by DgoT. In this work, the experiments were primarily guided by the results of MD simulations, therefore we present them first. Although the transport cycle scheme can be devised using MD simulations alone, we find it useful to mention a few experimental results early on. We determined experimentally that DgoT symports two protons together with one galactonate molecule (Figure 3.22), therefore our scheme must account for the transport stoichiometry. For R47Q DgoT, we demonstrated that galactonate binding does not induce conformational changes in the protein (Figure 3.25), hence we looked closely into its role in the substrate binding. D46 and E133 are the only two negatively charged residues in the transmembrane part of the protein (Figure 1.4), therefore they were chosen as main candidates for proton acceptors. With MD simulations, we investigated the roles of protonation and substrate in transport and energetics of the major conformational changes. Understanding of these aspects allowed us to reconstruct complete transport cycle of DgoT and determine individual roles of several essential residues in the protein. We backed these findings up with various experimental techniques that are described in more detail later in this chapter.3.1 Computational studies of DgoT
3.1.1 Apo simulations reveal flexible extracellular gate

“We studied H+ and galactonate binding to outward-facing DgoT using unbiased all-atom MD simulations. For this, we used the crystal structure of E133Q DgoT [43] (PDB ID: 6E9O) as the starting conformation after reverting the mutation. First, we studied the effect of protonation on apo protein dynamics. The crystallographic galactonate molecule was removed from the binding site, and four different systems were generated with D46 and E133 individually protonated or deprotonated. We observed reproducible movements of the TM1 and TM7 transmembrane helices, with most flexibility in the most extracellular segments (around residues 48–52 of TM1 and 271–275 of TM7). This behavior resembles 
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the proposed role of TM1 and TM7 as gating helices that mediate transitions between open and occluded conformations, as in other MFS members [9,23,77].When D46 and E133 were unprotonated, the extracellular gate (defined as distance between the center of mass of the Cα atoms of residues 48–52 and residues 271–275) was mostly closed (Figure 3.1A, D). Protonation of both D46 and E133 locked the gate in an open conformation (Figure 3.1B, D), and protonation of only one of these residues only partially opened the gate (Figure 3.1D). These changes in position of the gating helices were coupled to local rearrangements in the N-terminal domain. Charged, but not protonated, D46 and E133 interact with R126 and R47, respectively. After protonation, the side chain of D46 moves away, allowing R126 to interact with N49. This results in rotation of TM1 and stabilization of the open state of the extracellular gate (compare Figure 3.1A, B). In addition, protonation of E133 releases R47, which then becomes available to interact with the carboxyl group of galactonate.” [A]Movement and bending of gating helices result in rearrangement of hydrophobic residues located in TM1, TM2, and TM7. In conformation with closed gate side chains of F72, F274, L275 and W277 are tightly packed together (Figure 3.2A), forming a neck region with little to no water molecules in it (Figure 3.2C, blue line). In contrast, in conformation with open gate side chains of phenylalanine and tryptophan residues are moved away from the central pore (Figure 3.2B), resulting in better hydration of the neck region (Figure 3.2C, green line).Since in conformation with closed gate key residues are separated from the extracellular solution (Figure 3.2A), their protonation may present a challenge in this conformation. However, in simulations with deprotonated D46 and E133 extracellular gate exhibited open conformation in some replicas. Therefore, we presume that gate opening is a stochastic process rather than a result of protonation event. Instead, role of protonation is stabilization of conformation with open gate, which is required for substrate binding.
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protonated and in one simulation in which only E133 was protonated. In all cases, opening of the extracellular gate preceded the entry of galactonate into the binding site (Figure 3.2D).” [A]
3.1.2 Galactonate binding induces closure of the extracellular gate

According to “clamp-and-switch” model, substrate binding to MFS transporter induces conformational transition of the protein into oppositely open conformation [2]. As a first step of this major structural rearrangement, gating helices play an important role by bringing the transporter from open to occluded conformation. “Unbiased simulations of outward-facing DgoT with bound galactonate revealed the reduced flexibility of gating helices TM1 and TM7 (Figure 3.1C) and the extracellular gate is more likely to be in a closed conformation (Figure 3.1E). Although the gate could close regardless of the protonation state of key residues in substrate-bound DgoT, the equilibrium was shifted toward the conformation with closed extracellular gate in simulations with only E133 protonated or with both D46 and E133 protonated (Figure 3.1E).Protonation of E133 permits the R47 side chain to simultaneously interact with the carboxyl groups of galactonate and E133, resulting in a more compact arrangement of the charged residues (Figure 3.1C). Substrate interaction with residues on both gating helices facilitates bending of the TM7 extracellular segment toward TM1.” [A] If instead of galactonate molecule its epimer gluconate was present in the binding site, extracellular gate remained partially open (Figure 3.1E). This result further indicates that conformational change takes place after substrate recognition and cannot be induced by a molecule other than galactonate.
3.1.3 Substrate release from inward-facing DgoT

“We next ran unbiased simulations with the inward-facing structure of DgoT after placing a galactonate molecule into the binding site. The position for the substrate molecule 
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was determined by aligning the crystal structures of the apo protein in the inward-facing state (PDB ID: 6E9N) with the galactonate-bound outward-facing state (PDB ID: 6E9O). Galactonate in solution is predicted to have a pKa of 3.9 and, therefore, should bind to outward-facing DgoT in its deprotonated form. However, we also considered the possibility that galactonate could be protonated in the binding pocket due to changes in the local environment and then released in its protonated form. In 7 out of 38 individual 500 ns unbiased MD simulations, we observed spontaneous galactonate release (Table 3.1).Protonation state: deprotonated (-) or protonated (H) Total number of replica (500 ns long each) Number of replica where substrate release was observedD46 E133 galactonate- - - 4 2- H - 10 3H - - 10 0H H - 5 0- H H 4 2H - H 4 0
Table 3.1. Substrate release in unbiased MD simulations with inward-facing DgoT with galactonate bound.In all cases, the substrate passed between TM4 and TM10, which act as gating helices on the intracellular side of the protein. The intracellular segments of these helices (around residues 139–143 and 372–375, respectively) showed a high degree of flexibility in these simulations. The side chains of F137 and W373 formed a hydrophobic lock similar to the one at the extracellular gate (Figure 3.3A), and galactonate could only pass through this neck region if a water-filled pore was formed between the side chains of F137 and W373 (Figure 3.3B, C).All spontaneous release events were observed in systems containing deprotonated D46, which suggests that the proton must be released from this residue prior to galactonate unbinding. Figure 3.3D shows probability densities for intracellular gate opening (measured as the minimum distance between the side chains of F137 and W373) for various protonation and substrate-binding states. The intracellular gate mostly assumed a closed conformation in the substrate-bound double protonated system. Deprotonation of D46 favored the open state of the gate in systems with a protonated or deprotonated substrate. When galactonate is protonated, the intracellular gate has limited flexibility and 
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Interestingly, the distance between backbone atoms of TM4 and TM10 (measured as distance between center of mass of Ca atoms of residues 139-143 and residues 372-375) was not evidently dependent on protonation of D46 and E133 (Figure 3.4). In simulations with protonated galactonate bound, distance between F137 and W373 changed significantly depending on whether D46 or E133 was protonated (Figure 3.3D, light green), while distance between TM4 and TM10 was mostly below 17 A  (Figure 3.4, light green). In 
apo simulations, distributions of TM4-TM10 distances are very similar for all tested combinations of D46 and E133 protonation (Figure 3.3D, blue), however, side chains of F137 and W373 were more frequently far apart in simulations with only E133 protonated (Figure 3.4, blue). This observation indicates that roles of extracellular and intracellular gates are different in DgoT. From extracellular side, highly flexible TM7 bends to bring together several large hydrophobic residues (F72, F274, L275, W277) and separate binding site from the bulk after substrate association. Intracellular parts of TM4 and TM10 are not so mobile, instead, movement of two hydrophobic side chains (F137 and W373) regulate access to the binding site.

Figure 3.4. Distance between gating helices TM4 and TM10 in unbiased simulations. Distance was measured as distance between center of mass of Ca atoms of residues 139-143 and residues 372-375.







38

to intracellular solution. In the first case, potential pathway for proton transfer might be mediated by several water molecules between the protonated E133 and galactonate (Figure 3.5C). In the latter case, proton release might seem more challenging, since proton must pass closed hydrophobic gate (Figure 3.3D) on its way to intracellular solution. However, a potential water-mediated proton pathway to the bulk still can be found near the hydrophobic region, closer to TM5 (Figure 3.6A). In both scenarios, deprotonation of E133 changes local environment of protonated D46. Water-molecule electrostatic potential near the side chain of E133 becomes substantially lower than that near D46 side chain, promoting the possibility of proton transfer from D46 to E133. Although in our simulations side chain of protonated D46 is usually turned away from E133 (Figure 3.6C left), in simulations with different protonation states it could easily move towards E133 (Figure 3.6C right). The latter configuration is presumably more favorable for proton transfer, and to achieve it, D46 must flip its side chain towards E133 (Figure 3.6D). After proton transfer from D46 to E133 intracellular gate opens (Figure 3.3D) and galactonate can be released, either protonated or deprotonated (Table 3.1). In apo system with protonated E133, gate stays open (Figure 3.3D), making final deprotonation of E133 to intracellular solution via water molecules network plausible.
3.1.5Markov state modeling 

Available structures of related MFS transporters provide important insights about different intermediate conformations along inward-outward isomerization [43,44,78–81]. For DgoT, crystal structures capture protein in inward open (PDB ID: 6E9N) and outward occluded (PDB ID: 6E9O) states. During unbiased simulations protein conformation showed some flexibility depending on protonation state and ligand occupation. When substrate was bound, DgoT was predominantly in inward- or outward-occluded conformation (depending on crystal structure used as starting conformation), while apo protein was more dynamic and displayed more open conformation depending on protonation state of D64 and E133 (Figure 3.1). However, protein conformation remained 
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protein, changes in proton concentration comparable with protein concentration (4 µM) upon substrate addition are expected [85]. “However, addition of 10 mM galactonate to purified DgoT in unbuffered detergent-containing solutions did not elicit any change in pH (Figure 3.18, blue line).” [A] To show that proton binding to the protein would have induced noticeable changes in pH of the solution, 5 µM of NaOH and HCl were added sequentially to the sample and resulted in changes in pH of 0.08-0.1 units. Measurements performed with purified DgoT and assay solution without protein were virtually undistinguishable (Figure 3.18, grey line). “This result suggests that the substrate binds to the protonated transporter and does not induce protonation of DgoT. Therefore, we conclude that DgoT binds two H+ prior to galactonate association.” [A]Absence of galactonate-induced pH changes in DgoT-containing solution might be related to inability of solubilized protein to bind substrate. Therefore, galactonate binding to the purified protein was investigated with alternative techniques such as nanoDSF (Figure 3.27) and SSME (Figure 3.19B, Figure 3.24C). We conclude that purified protein in detergent micelles, as well as protein reconstituted into proteoliposomes, binds galactonate at millimolar concentrations, thus, our assay reports on the binding order of protons and substrate.
3.2.4 pH dependency of DgoT transport

DgoT transport was characterized with SSM-based electrophysiology, a method that relies on chemical substrate gradients to activate the transport activity of the protein. In single solution exchange experiments, transport was initiated by galactonate concentration jump, while pH of activating (A) and non-activating (NA) solutions was identical. All NA solutions were supplemented with non-substrate gluconate at the same concentration as galactonate in A solution to keep osmolarity of the two solutions identical and avoid artifacts caused by solution exchange. 
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galactonate binding (conformational change) and the slow component associated with the transport activity of the protein. To illustrate that acidic and alkaline pH have distinct effects on symport, we tested how addition of pH gradient affects transport activity. Double solution exchange protocol was employed to generate different pH inside and outside of the vesicle (Figure 3.20A). First, sensor was rinsed and incubated with resting solution (R) without galactonate to equilibrate intraliposomal pH to the desired value. Then, single solution exchange protocol (NA-A-NA solutions) was applied, where A and NA solutions had identical pH, but different from the pH of R solution, and only A solution contained galactonate. In such configuration, during the first flow of NA solution pH gradient is established, and we can investigate its influence on galactonate transport. Compared to symmetrical pH 8 conditions, pH 9.5 outside of the liposomes enhanced transport activity. Reversed pH gradient (i.e. pH 9.5 inside and 8 outside of the liposomes), on the other hand, significantly reduced transport (Figure 3.20B). Thus, lack of protons outside the liposomes leads to impaired proton binding and consequently lowers transport activity. Acidic pH 6 does not influence currents when applied outside the liposomes, but reduces transport when provided in intraliposomal solution (Figure 3.20C). In this case, proton release inside the liposomes becomes more challenging due to increased proton concentration inside and impairs transport. Therefore, in experiments under symmetrical pH conditions (Figure 3.19A, B), we observe the result of these two different mechanisms. Analysis of the peak currents reveals apparent pKa values for proton binding and release (Figure 3.19D).
3.2.5 Determination of symport stoichiometry 

“The transport currents generated by DgoT were positive (Figure 3.19), indicating that at least two protons are transported with each galactonate molecule, as previously reported [43]. We used a reversal potential assay to determine the transport stoichiometry [73].“ [A] Since galactonate transport is coupled, chemical gradient of either substrate or protons can be used as driving force. For that, the liposomes must be preloaded with buffer 
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nature of observed reaction shapes substrate concentration dependence. If substrate binding is followed by conformational change in the protein, the observed rate constant has hyperbolic dependence on the substrate concentration (eq. ( 2.4 )). “For D46N and E133Q DgoT, the peak current amplitudes changed with increasing galactonate concentrations in a saturating fashion, suggesting that these mutant transporters undergo conformational changes after rapid galactonate binding [88]. Similar behavior was observed for WT DgoT under acidic conditions, where only the pre-steady state reaction (no transport activity) can be seen (Figure 3.19B). Figure 3.24C shows that the observed rates (obtained as reciprocal decay time constants) depend on the galactonate concentration. Hyperbolic curve fitting provided the KDs for galactonate binding, as well as the kinetic parameters characterizing the conformational changes (Table 3.2). Compared with WT, conformational changes are similar for E133Q and slower for D46N but with no difference in substrate affinity. We conclude that deprotonation of D46 and E133 is necessary to complete the transport cycle; however, partial reactions that represent conformational changes can occur in the presence of galactonate.” [A]
Variant Imax (nA) kobs (s-1) (50 mM galactonate) Kd (mM) k- (s-1) k+ (s-1)

WT at pH 5.8 0.7 ± 0.2 79 ± 14 15.1 23.8 70.6D46N 2.7 ± 0.3 65 ± 8 10.9 6.6 69.9E133Q 1.0 ± 0.3 105 ± 15 15.3 30.8 92.2R47Q -0.37 ± 0.05R126Q -1.5 ± 0.4 74 ± 11 22 14.4 86.7
Table 3.2. Overview of kinetic parameters for transport-deficient DgoT vatiants. Imax values are given for recordings with 50 mM galactonate concentration jump, kinetic parameters are averaged over n = 3 different sensors (errors reflect standard deviations). For R47Q analysis of current decays was limited by time resolution of the instrument, therefore only Imax values are given.3.2.7 Distinct roles of transmembrane arginine residues
As has been reported before, R47 is crucial for functional activity of DgoT and its replacement with lysine is not tolerated [42,43]. In MD simulations, R126 and R47 formed 
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3.28A). Interestingly, it is also the only mutant that did not show substrate-induced conformational changes in SSME experiments (Figure 3.25C). Thus, nanoDSF captured failure of galactonate to stabilize R47Q DgoT, in agreement with SSME results and MD simulations (Figure 3.10). For D46N and R126Q variants, PSS currents in SSME experiments had lower amplitude at higher pH (Figure 3.23B and Figure 3.25A), therefore we additionally measured their thermostability at pH 9.27 (Figure 3.28B). WT protein had lowered Tm at alkaline pH and responded to galactonate addition with increased stability. R126Q mutant followed the same trend, while being less thermostable than WT at all tested conditions. D46N DgoT, on the other hand, was not destabilized by alkaline pH, but shifts in Tm in presence of galactonate were lowered. Thus, we can conclude that D46N DgoT can successfully bind substrate even at alkaline pH. However, conformational changes at these conditions are not electrogenic anymore, therefore PSS currents observed in SSME experiments are reduced. 



63

4 Discussion

Members of the major facilitator superfamily are found in various cell types and fulfill diverse biological roles. To efficiently accumulate the substrates inside the cell or cell compartment, transporters often rely on coupling to another ion that is simultaneously moved down its concentration gradient. This ability distinguishes secondary active transporters from uniporters that are only capable of moving the substrate along its concentration gradient. Intriguingly, proteins seem to be able to adapt to various environmental requirements to optimize their coupling mechanism, resulting in large variability in substrate specificity and coupling stoichiometry. Thus, detailed analysis of coupling mechanism of different family members is essential for understanding of determinants of coupled transport.Here, we investigated transport mechanism of DgoT, a bacterial D-galactonate/H+ symporter that serves as a simplified model of SLC17 family transporters. We combined computational and experimental techniques to build complete transport cycle model and describe individual roles of key residues.4.1 Galactonate transport is coupled to protons
Using SSM-based electrophysiology, we determined that DgoT transports each galactonate molecule together with 2 H+ (Figure 3.22). Such stoichiometry results in positive net charge transported, despite galactonate being negatively charged at neutral pH (pK of carboxyl group is estimated to be 3.39). To ensure strict coupling, protein must be able to bind both substrate and two protons simultaneously in some intermediate states. Thus, D46 and E133 play roles of two proton binding sites that are required for functional activity of DgoT. Notably, the two acidic residues are located close to each other in protein structure and appear to participate in transport together rather than independently. Although some parts of the transport cycle are still accessible in D46N and E133Q mutants (i.e. substrate-induced conformational changes, as demonstrated in Figure 3.24C), neither of them can 
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work as 1:1 H+:galactonate symporter (Figure 3.16), which might be expected if protonation and deprotonation of each of the two residues was independent of another. Instead, this result suggests some cooperativity between the two and simulations provide few atomistic insights into it. One constraint is observed during substrate binding in outward-facing DgoT, where protonation of only D46 can promote conformations with open extracellular gate in apo simulations, but fails to consistently close the gate in substrate-bound simulations (Figure 3.1D, E). Protonation of only E133 raises the opposite problem: while extracellular gate can close in substrate-bound simulations, it opens rarely in apo DgoT, which might present a challenge for galactonate binding. Another restriction shows up during substrate release in inward-facing DgoT. There, deprotonation of D46 is required for galactonate release, however, most plausible pathway for the proton involves carboxyl group of E133 (Figure 3.5). Since E133 itself is protonated and cannot relay proton from D46, deprotonation of the aspartate becomes a complex process that involves consecutive proton release from E133 and from D46 via deprotonated E133. Thus, we conclude that not only two titratable residues are required for maintaining transport stoichiometry, but also their placement in the transporter is critical. 4.2 Substrate binding is coupled to conformational changes
Galactonate transport is highly selective in DgoT [43]. It has been shown that all residues surrounding the substrate binding pocket (Y44, R47, Y79, Q164, Q264, S370 and N393) are important for active transport and mutation of even one of those reduces transport significantly [82]. In our experiments, DgoT demonstrated clear preference of galactonate over its epimer gluconate, with only the right substrate being transported (Figure 3.16). Notably, high selectivity comes together with low binding affinity. SSME experiments in non-transport conditions estimated KD of galactonate about 15 mM. The two seemingly controversial aspects can be explained by the models used to describe enzyme catalysis, where weak substrate binding to the enzyme becomes tight in the transition state [91]. Applying similar reasoning to transporters, high substrate specificity together with low binding affinity can be achieved if only correct substrate induces conformational changes necessary for the transport. Such conformational change would 
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lead to transition from open to occluded conformation, in which substrate binding is tighter and binding site is inaccessible from solution. Moreover, low binding affinity in open conformation can be advantageous for efficient transport, since substrate must be released at a certain point of the transport cycle, and tight binding would slow down this step.In DgoT, the substrate plays crucial role in inducing conformational changes. In the outward-facing conformation, the extracellular gate formed by gating helices TM1 and TM7 closes when galactonate is bound, while similar molecule gluconate placed in the binding site fails to induce this conformational change (Figure 3.1). “Our combined experimental and computational results describe substrate binding as a multiphasic process initiated by galactonate recognition and accommodation in the binding site. Subsequent direct interaction between the carboxyl group of galactonate and R47 induces closure of the extracellular gate (Figure 3.10, Figure 3.11). Both reactions are electrogenic; R47Q abolishes the second step without affecting the initial substrate binding. The fast negative component corresponding to electrogenic galactonate binding also occurs with other mutants, along with an additional slower component of positive (E133Q) or negative (R126Q) amplitude (Figure 3.23A, Figure 3.25A).” [A] Thus, the organization of the binding site in DgoT is adjusted to ensure substrate selectivity as substrate must interact with several residues from different helices simultaneously to promote structural rearrangements. Importance of substrate for conformational changes in DgoT is evident from energy landscapes of major conformational changes described with Markov state modeling. Although empty transporter can switch between inward- and outward-open conformations, energy barrier associated with transition through occluded state is lower if galactonate is bound (Figure 3.7). Moreover, presence of galactonate switches the direction of conformational changes, promoting formation of inward-facing state and thus moving further along the transport cycle.4.3 Key amino acids play different roles in transport activity
Site-directed mutagenesis allowed us to better understand the contribution of individual residues to transport mechanism. In SSME, all investigated transport-deficient 
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mutants generated pre-steady state currents, indicating that some parts of transport cycle are still accessible in them. Neutralization of D46 or E133 abolishes galactonate transport due to inability of protein to maintain coupling stoichiometry (Figure 3.16). However, galactonate is still able to induce conformational changes in both mutants (Figure 3.23). According to MD simulations data, in outward-facing conformation DgoT mostly assumes occluded state in presence of substrate, regardless of D46 and E133 protonation states (Figure 3.1). Thus, parts of the transport cycle that involve galactonate are intact in D46N and E133Q mutants, while reorientation of empty carrier is not possible in them. Notably, substrate-induced conformational changes are pH-independent in E133Q mutant and have larger amplitude at acidic pH in D46N mutant. This observation indicates that PSS currents measured with these variants represent different processes, although we cannot unequivocally attribute a specific conformational change to it. In addition, such conclusion agrees with the literature, where galactonate exchange is demonstrated for E133Q, but not D46N DgoT [42]. Protonation of E133 is needed for substrate binding (Figure 3.1) and seemingly does not interfere with substrate release (Figure 3.4), therefore, E133Q mutant can readily and quickly bind and release galactonate to either side of the membrane. Deprotonation of D46, on the other hand, is needed for substrate release (Figure 3.4) and cannot be achieved in D46N mutant, making it not capable of galactonate exchange. R47 is the residue that is crucial for coupling galactonate transport with protons in DgoT. It interacts with carboxyl group of E133 and galactonate at the same time (Figure 3.1), making it involved in substrate coordination in the binding site and the following conformational changes in the protein (Figure 3.10, Figure 3.11). Since arginine residue is conserved across SLC17 family (Figure 1.5), we hypothesize a similar role in coupling of anion transport with protons in mammalian isoforms.Unlike R47Q, mutation of R126 does not abolish substrate-induced conformational changes (Figure 3.25). However, loss of transport activity demonstrates important role of this arginine in functional activity of DgoT. That could be, for example, regulation of D46 deprotonation in inward-facing conformation or participating directly in major conformational changes in apo transporter. pH dependency of measured PSS current amplitudes indicates that mutation of R126 might cause changes the pKa of D46 or E133. 
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Another residue involved in transport activity of the protein is C43. While mutation of this cysteine to alanine makes protein transport deficient and only capable of pH-independent pre-steady state reaction, its replacement with serine fully restores galactonate transport (Figure 3.26). We hypothesize that side chain of the cysteine mediate proton release from E133, since their side chains are positioned in vicinity of each other. Presence of serine residue in a corresponding position in VGLUTs (Figure 1.5) suggests that its role also might be related to proton transfer. Interestingly, in LacY there is no cysteine or serine residue in similar position. Instead, TM5 has who cysteine residue, C148 and C154, that appear to be important for structural integrity of the protein, but do not participate directly in active transport [92–94].  4.4 Proton transfer in MD simulations
In classical MD simulations, protonation state of titratable residues is set before the start of production run and therefore proton transfer cannot be simulated [49].  The most direct way to overcome this challenge is to use quantum mechanics/molecular mechanics (QM/MM) simulations [95]. This approach, however, comes with substantially increased computational cost of simulations. In QM/MM simulations, part of the system is treated on quantum mechanical level, while the rest is simulated classically. Due to large computational demands, system can only be simulated for shorter time, and the reliability of the results depends greatly on the quality of the initial conditions used. Therefore, a deep understanding of molecular mechanisms of the investigated system must be obtained elsewhere prior to QM/MM calculations.Alternatively, constant pH simulations can be used to obtain pK values of titratable residues of the protein [96]. With this method, simulation time is comparable with that of classical MD. However, membrane proteins still present a challenge for the algorithm since force fields parameters were optimized for soluble proteins where titratable residues are usually well solvated. In addition, careful analysis of pK calculations is required to correctly reconstruct order of events.To study proton coupling in DgoT, we focused our efforts on classical MD simulations. Although the method has its limitations when it comes to investigation of proton transfer 



68

events, we can still rationalize our observations from simulations with fixed protonation states of key residues. Thus, we were able to identify coupling between protonation of DgoT and conformational changes in both outward-facing and inward-facing states (Figure 3.1, Figure 3.3). In both systems, however, additional considerations are required to understand causal relationship between them. In outward-facing state, protonation of D46 and E133 is more likely to take place via conformational selection rather than induced fit mechanism. When the extracellular gate is in closed conformation, water molecules from the bulk are separated from the active center of the protein, providing no viable path for protons (Figure 3.2A). In contrast, in the conformation with open gate active center is connected to the extracellular solution and potential pathway for protons can be found (Figure 3.2B). When both D46 and E133 are deprotonated, extracellular gate is flexible and can assume both open and closed conformations (Figure 3.1D), making protonation of the two via conformational selection mechanism feasible. In inward-facing DgoT at least one proton must be released prior to the substrate dissociation (Figure 3.3). The conformational change (i.e. opening of the intracellular gate) does not seem to be required for deprotonation of E133 (Figure 3.6A). However, deprotonation of D46 is more challenging since the only plausible pathway for H+ includes carboxyl group of E133 (Figure 3.5). We analyzed how subtle conformational changes in our system modify electrostatics (Figure 3.5B, Figure 3.6B) and proposed a multi-step mechanism in which deprotonation of E133 is followed by proton transfer from D46 to E133. In this state, galactonate can be released and after follow-up deprotonation of E133 all substrates are transported. To further support our proton release model, in the paper we additionally employ QM/MM calculations to analyze the energetics of proton transfer in inward-facing DgoT [A]. 4.5 Similarities and differences with other transporters
“E. coli can use galactonate as the sole carbon source [97], demonstrating that DgoT transports as effectively as alternative glucose transporters, such as lactose permease LacY [5] or xylose symporter XylE [98]. LacY and XylE transport uncharged sugar molecules with a stoichiometry of 1 proton:1 substrate, whereas DgoT co-transports two protons with the negatively charged galactonate, together resulting in a positive net transported charge. 
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Adjusting the transport stoichiometry permits DgoT to utilize ΔpH and ΔΨ and provides high driving forces, thus optimizing bacteria for nutrient uptake when resources are limited. Transport substrates and stoichiometries vary substantially among MFS transporters. LacY [5] and fucose transporter FucP [78] share a stoichiometry of 1 H+:1 substrate. In LacY, protonation of a single site, E325 (equivalent to E133 in DgoT [5]), permits lactose binding and transition to the occluded conformation. FucP is more similar to DgoT structurally and has two protonation sites, D46 and E135 (homologous to D46 and E133 in DgoT). However, only D46 is accessible from the extracellular solution, with E135 serving only as part of the proton transfer pathway. SLC17A5/sialin differs from DgoT in having broad substrate specificity: it recognizes various sialic acids via electrostatic interaction with two conserved arginines, R168 and R57. Two glutamates, E171 and E175, serve as protonation sites. It has been proposed that protonation of E171 releases R168 and permits its interaction with the substrate [28]. Subsequent H+ transfer to E175 is followed by substrate transfer to a more cytoplasmic binding site close to R57 and translocation to the inward-facing conformation. Such coupling of substrate translocation to proton transfer results in the electroneutral co-transport of one H+ and one sialic acid molecule.The comparison of DgoT with FucP and SLC17A5/sialin reveals how small variations in the arrangement of protonation sites can adjust transport stoichiometries of H+-coupled transporters with conserved architecture and transport mechanisms. The SLC17 family encompasses organic anion uniporters [99,100], H+-glutamate exchangers [27], and a H+-sialic acid symporter [28]. Certain SLC17 transporters can also function as a Na+-PO43- symporter [39,99]. Therefore, our work may serve as a framework to understand the mechanisms underlying the diversity of SLC17 transport mechanisms.” [A]
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5 Conclusion

The objective of this study was to generate a detailed description of transport cycle of DgoT, a proton-coupled symporter from E.coli. By combining MD simulations with various experimental methods, we could characterize determinants of galactonate transport. We reconstituted purified DgoT into proteoliposomes and with SSME demonstrated experimentally that galactonate transport is coupled with two protons. This refined previously presented in literature idea of several H+ co-transported with substrate [43]. At symmetrical pH conditions, transport activity is highest at a value of 7.5, close to internal pH of E.coli [101]. Since external pH of bacteria is usually lower, proton coupling makes transport of negatively charged galactonate more efficient.MD simulations have shed light into some features of conformational changes. Substrate induces conformational changes in the protein by interacting with several charged and polar residues lining binding pocket. As a result, it brings two halves of the transporter together with gating helices (TM1 and TM7 from the extracellular side and TM4 and TM10 from the intracellular side) moving most prominently. Gating helices are responsible for the formation of occluded conformations and separation of binding site from the solution. We described inward-outward transition for apo as well as galactonate-bound DgoT and demonstrated that the latter system assumes occluded conformations and thus has lower energy barrier between oppositely facing states. Apo protein, on the other hand, is more flexible and visits both open and occluded conformations.We described five residues in transmembrane region of DgoT that are involved in coupled transport. Residues D46 and E133 are protonation sites that are needed to transfer 2 H+ with each substrate molecule. Residue R126 participates in conformational changes by electrostatic interaction with deprotonated D46 and stabilizing open gate conformation in outward-facing DgoT Residue R47 from TM1 plays particularly important role in coupling substrate binding with conformational changes by forming a salt bridge with carboxyl group of galactonate and thus driving TM1 closer to TM7. Finally, C43 seems to be involved in proton transfer process and can be substituted with serine without any changes in galactonate transport efficiency.
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Based on our results, we propose a detailed scheme of transport cycle of DgoT that takes into accounts symport stoichiometry, alternating access mechanism and coupling between substrates and conformational changes. This work can serve as a framework for better understanding coupled transport facilitated by SLC17 transporters.
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6 Outlook 

This work opens new questions about features of coupled transport mechanism in DgoT. Additional simulations on quantum mechanical level could provide better understanding of proton association and release processes. Modeling and analysis of major conformational changes in different protonation states might highlight important structural features of apo transporter isomerization. Also, similar computational approaches can be applied to other SLC17 members to investigate to what extend transport mechanism of DgoT resembles those of mammalian proteins. Further experiments could provide more support to computational findings. Examination of conformational state of the protein in experiment and real-time monitoring of conformational changes, for example, using fluorescent methods, could confirm induced fit mechanism of substrate binding. Mutagenesis of hydrophobic residues from neck regions of gating helices could highlight their role in tight coupling of galactonate transport with protons.
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7 Appendix

Structure D46 protonation E133 protonation substrate # replicas Total simulation time (µs)

WT, outward

- - no 8 3.5- H 4 0.8H - 4 0.8H H 4 0.8- H 100 mM galactonate in bulk
5 3.2H - 5 2.7H H 5 3.2- - Bound galactonate[-]
5 1.3- H 4 1.5H - 4 2.8H H 4 2.0H H Bound gluconate 5 2.0

WT, inward
- - no 4 1.7- H 4 0.7H H 4 1.8- - Bound galactonate[-]

4 2.6- H 10 3.6H - 10 3.9H H 5 2.0- H Bound galactonate[H] 4 2.0H - 4 1.5
R47Q, outward H H no 4 2.0Bound galactonate[-] 4 2.0

Table 7.1. Summary of unbiased MD simulations with WT and mutant DgoT initiated from crystal structures. 
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APS ammonium persulfateBCIP 5-Bromo-4-chloro-3-indolyl phosphate Cryo-EM cryo-electron microscopyCV column volumeDDM n-dodecyl-D-maltosideDgoT D-galactonate transporter from Escherichia coliDSF differential scanning fluorimetry
E.coli Escherichia coliEDTA ethylenediaminetetraacetic acidFucP fucose transporter from Escherichia coliHEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acidIPTG isopropyl β-d-1-thiogalactopyranoside LacY lactose permeaseLMNG Lauryl maltose neopentyl glycolLPR lipid-to-protein ratioMD molecular dynamicsMFS major facilitator superfamilyMSM Markov state modelMWCO molecular weight cut-offNBT nitro blue tetrazoliumNPG 4-nitrophenyl-α-d-galactopyranosidePAGE polyacrylamide gel electrophoresisPCCA Perron-cluster cluster analysisPCR polymerase chain reactionPSS pre-steady stateRT room temperature
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SDS sodium dodecyl sulfateSDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresisSEC size-exclusion chromatographySLC solute carrierSSME solid-supported membrane electrophysiologyTDG β-d-galactopyranosyl-1-thio-β-d-galactopyranosideTEMED N,N,N',N'-Tetramethyl-ethylenediamineTICA time-lagged independent component analysisVGLUT vesicular glutamate transporterWB western blotWT wild typeΔµ electrochemical gradientΔpH H+ concentration gradientΔΨ membrane potential
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